The oxidation resistance characteristics of silicon thermal nitride films are studied theoretically and experimentally. A four-layer model for the oxidation resistance kinetics has been developed in general, and the oxidation resistance time has been defined and used to evaluate the oxidation resistance of high structure density films on silicon in oxygen ambient. The thermal silicon nitride films prepared by nitridizing the silicon surface in ammonia ambient have been used to justify the developed oxidation resistance model, and reasonable agreement between the developed model and the oxidation resistance characteristics of the fabricated thermal silicon nitride films have been obtained. Based on the developed model, the diffusivity and diffusion length of the oxidant species in the thermal silicon nitride films have been deduced and their activation energies are estimated to be -2.091 and -0.672 eV, respectively.
Silicon nitride has been an important material in the fabrication of high performance integrated circuits and devices due to its higher structure density which exhibits strong oxidation resistance and barrier against diffusion of impurities (1-3). Recently, several investigators (4-6) have reported that higher structure density films can be prepared by directly nitridizing the silicon surface in ammonia gas or nitrogen. Some important applications of the as-grown thermal nitride films in MOSFET (7) and electrically alterable ROM (8) have also been reported.
The major difference between the thermal nitridation and the thermal oxidation is that the as-grown thermal nitride films have higher structure density, so "self-limiting" growth can easily occur for the thermal nitridation of the silicon surface in nitrogen or ammonia ambient. The growth kinetics of the as-grown thermal nitride film in a~mmonia or nitrogen gas has been proposed by us (9) . It has been shown that the self-limiting growth of the thermal silicon nitridation in ammonia or nitrogen gas is mainly due to the fact that the characteristic diffusion length of the nitridant species in the as-grown thermal nitride film is much smaller than the thickness of the as-grown films. The characteristic diffusion length of the nitridant species has been estimated to be smaller than 10A for nitridation temperatures below 1200~
In this paper an oxidation resistance model for the silicon thermal nitride films in oxygen ambient is developed to interpret the oxidation resistance characteristics observed from the silicon thermal nitride films oxidized in dry O2 ambient. A characteristic time which is called the oxidation resistance time is defined and used to evaluate the structure density of the asgrown silicon thermal nitride films. Based on comparisons between the developed model and the oxidation resistance characteristics of the as-grown silicon thermal nitride films, the diffusivity and diffusion length of the oxidant species in the as-grown silicon thermal nitride films are deduced. It has been shown that the diffusivity of the oxidant species in the as-grown silicon thermal nitride films is much smaller than that of the oxidant species in the as-grown silicon dioxide and the diffusion length of the oxidant species in the asgrown silicon thermal nitride films is smaller than 12A for dry 02 oxidation below I154~
Theoretical Model
For a high structure density film grown on a silicon surface, the transport of the oxidant species across this 9 Electrochemical Society Active Member. film can be represented by Fig. 1 , in which this film can be a CVD SigN4 or silicon thermal nitride. According to Fig. 1 , there are four basic steps for the oxidation kinetics: (i) the oxidant species must be transported from the bulk of the oxygen ambient to the interface between the film and the bulk gas; (it) some oxidant species may diffuse across the film and reach the interface between the film and the silicon dioxide. During this process, some oxidant species may react with silicon nitride film and then transform the silicon nitride film into silicon dioxide or oxynitride film; however, these transformed films are of lower structure density and are assumed to be transparent to the oxidant species; (iii) the oxidant species must transport across the previously as-grown silicon dioxide and reach the silicon surface; (iv) the oxidant species then react with silicon. Note that the four basic processes described above form the generalized oxidation resistance model, which can be used to describe some important special cases. For example, in the case of thick silicon nitride film, the oxidant species may not transport across the whole silicon nitride film, then X2 ----0 and Cin --0, so the oxidation processes are limited at the surface of the silicon nitride film. Moreover, this model may also be used to describe the chemical resistance properties of the silicon nitride film or others. According to the oxidation processes described above, the oxidant flux in each region can be separately described as follows:
(i) In region (I), the oxidant flux can be expressed by the conventional form for the thermal oxidation, which can be written as (10) = h (C* --Co~) [1] where C* is the concentration of the oxidant species, which is in equilibrium with the partial pressure in the bulk of the oxygen gas PG; Con is the concentration of the oxidant species at the outer surface of the silicon nitride, which is proportional to the partial pressure of the oxidant species right next to the silicon nitride surface Ps, i.e., Con = HPs, where H is the Henry law constant.
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(ii) In region (II), the oxidant flux can be assumed to be a diffusive flux and is written as
where Don is the diffusivity of the oxidant species in the silicon nitride layer. As described before, the oxidant species does react with silicon nitride and form silicon dioxide or oxynitride film at the outer surface of the silicon nitride film. However, this oxidized film has lower structure density and can be assumed to be transparent to the oxidant species. If the oxidant species across the silicon nitride film are characterized by a lifetime Ton, then the diffusion equation for the oxidant species across the silicon nitride film can be written as d2Co(X) Co(X)
Loa 2
where Lon -~ (Donjon) 1/2 is the diffusion length of the oxidant species in the silicon nitride film. Solving Eq. [3] by using the boundary conditions
Co(-X1) --Con and Co(o) = Cin we obtain
Cin sinh Con sinh Lon
Co(X) =
[4]
The diffusive flux in region (II) can then be written as
(iii) In region (III), the as-grown silicon dioxide layer has lower structure density, the diffusion length of the oxidant species in the oxide layer can be assumed to be much larger than the oxide thickness, then the flux of the oxidant species can be expressed by
where Doo is the diffusivity of the oxidant species in the oxide layer; X2 is the thickness of the as-grown silicon dioxide; Coo is the concentration of the oxidant species at the outer surface of the as-grown silicon dioxide; Cio is the concentration of the oxidant at the silicon surface.
(iv) In region (IV), the rate of the oxidation at the silicon surface can be expressed by the conventional form for the thermal oxidation, which can be expressed by F4 = KsoCio [7 ] where Kso is the chemical surface-reaction rate constant for the thermal oxidation.
Using the continuous conditions for the flux at each boundary, i.e., F~(--Xl) = FI, F2(0) ----Fs = F4, and letting Coo = mCin with m the solubility ratio of the oxidant species between these two regions, we obtain
c =Con (
If the number per unit volume of the oxidant species needed to replace nitrogen radicals in silicon nitride is N1 and the number per unit volume of the oxidant species incorporated into a unit volume of oxide is N2,
[14] and [15] it is clearly seen that the oxidation rate of the silicon nitride is a constant and that of the silicon surface is zero if the thickness of the silicon nitride film is much larger than the diffusion length of the oxidant species in the silicon nitride. The oxidation resistance time of the silicon nitride can be defined as the time that the thickness of the residual nitride film approaches to half of the diffusion for XI>>Loa
Putting Eq. [8] and [9] into Eq. [10] and [11] we obtain two simultaneous first order differential equations which can be solved by using a computer. However, if the silicon nitride film is thicker than the diffusion length of the oxidant species, i.e., X1 >> Lon, then F~ ----F4 = 0. In this case, Eq. [8] and [9] can be simplified to be Cin ----0 ; some of them can be chosen from the pure oxidation of silicon and the others can be deduced from the experimental curves of the oxidation resistance experiments, which will be discussed later.
Experimental Results and Theoretical Comparisons
Silicon p-type wafers of <100> orientation and the resistivity of 10 ~-cm were used as the starting materials. After standard cleaning processes, the wafers were dipped into buffered I-IF acid for 1 rain in order to remove the native oxide on the silicon surface and then were rinsed in deionized water for 10 min. After drying using a nitrogen gun, the cleaned wafers were then put into the quartz tube prepurged with nitrogen. Hydrogen gas was then used to replace the nitrogen gas in order to remove the residual native oxide on the silicon surface. After several minutes of hydroger~ gas flow, the ammonia gas was introduced into the reactor tube for thermal nitrid.ation and the hydrogen gas was then turned off. The thickness of the as-grown silicon thermal nitride films was measured by ellipsometer (Rudolph 436-200E). The growth rate of the as-grown thermal nitride films at different nitridation temperature has been discussed in detail (9), and will not be repeated here. However, it has been shown that the "self-limiting" growth of the as-grown thermal nitride films is mainly due to the fact that the characteristic diffusion length of the nitridant radicals in the as-grown thermal nitride films is always smaller than 10A for nitridation temperatures below 1200~ and the activation energy of the characteristic diffusion length is measured to be about 0.181 eV. The structure density of the as-grown thermal nitride films has been tested by the chemical resistance method, which shows similar properties to those of silicon nitride. The oxidation resistance studies of the as-grown silicon thermal nitride films are ano,ther test for structure density. In this paper, the as-grown silicon thermal nitride films were oxidized in dry O~ ambient at three temperatures, 1O00 ~ 1050 ~ and 1154~ The thickness of the oxidized silicon thermal nitride films was measured by ellipsometer. Figure 2 shows the characteristic curves of the fabricated silicon thermal nitride in 1000~ dry 02 ambient, in which the solid curves are calculated by the developed model and the parameters used are cited in Table I . It is clearly seen that general agreement between the experimental measurements and the theoretical calculations has been obtained although some experimental data are slightly out of the theoretical curves. From Fig. 2 , it is shown that thicker thermal nitride films do give stronger oxidation resistance, and longer nitridation time does give higher structure density for the silicon thermal nitride film, which, in turn, shows stronger oxidation resistance. Similarly, Fig.  3 and 4 show the oxidation resistance characteristics of some silicon thermal nitride films oxidized in dry oxygen for the oxidation temperatures of 1050 ~ and 1154~ respectively, in which the parameters used in the theoretical calculations are Lalso cited in Table L Again, general agreement between the experimental measurement and the theoretical calculations has been obtained, and the oxidation resistance properties of the as-grown silicon thermal nitride films with respect to the film thickness and nitridation temperature are similar to those discussed for the silicon thermal nitride films oxidized at 1000~
If the diffusion lengths of the oxygen species in the silicon thermal nitride films as cited in Table I are plotted as a function of the inverse temperature, the straight line using the least square fitting is shown in Fig. 5 , which gives the activation energy of --0.672 eV for the diffusion length of the oxygen species in the silicon thermal nitride films. It is shown that the diffusion length of the oxygen species in the silicon thermal nitride films is smaller than 12A when the oxidation temperature in dry oxygen is below 1154~ which is the major reason that the as-grown silicon thermal nitride films have stronger oxidation resistance when the thickness of the as-grown thermal nitride films is larger than the diffusion length of the oxygen species. Note that the diffusion length of the oxygen species in the silicon thermal oxide is much longer than that in the silicon thermal nitride films, which is mainly due to the fact that the silicon thermal oxide films are less dense in structure when compared to that of the as-grown silicon thermal nitride films. Similarly, the diffusivity of the oxygen species in the silicon thermal nitride films as a function of the inverse temperature is shown in Fig. 6 straight line using the least squares method is plotted, which gives the activation energy of --2.091 eV. From this plot, it is shown that the diffusivity of the oxygen species in the as-grown silicon thermal nitride films is much smaller than that of the oxygen species in the silicon thermal oxide. However, the activation energy of the diffusivity for the oxygen species in the asgrown silicon thermal nitride films is larger than that of the oxygen species in the as-grown thermal oxide films. This shows that the oxidation resistance of the as-grown silicon thermal nitride films becomes poor at higher oxidation temperature, which is mainly due to larger diffusion length and diffusivity of the oxygen species in the as-grown nitride fi]ms as the oxidation temperature is increased. In the last, the oxidation resistance time as a function of nitride thickness deduced from the extrapolation of the oxidation characteristics of Fig. 2-4 is plotted in Fig. 7 . It is shown that the oxidation resistance time is linearly dependent on the thickness of the silicon thermal nitride film, which is 
Conclusions
This paper has developed an oxidation resistance model for the silicon thermal nitride films oxidized in dry oxygen ambient. The developed model has been formulated by using four-layer transport for the silicon thermal nitride films oxidized in oxygen ambient, in which the transport of the oxygen species across the silicon thermal nitride films has been characterized by a diffusion length. It has been shown that the developed model is in agreement with the experimental measurements. Moreover, based on comparisons between the developed model and the experimental data, the diffusivity and diffusion length of the oxygen species in the silicon thermal nitride films have been deduced and their activation energies are +0.672 and +2.091 eV, respectively. The most interesting result obtained is that the diffusion length of the oxygen species in the as-grown silicon thermal nitride films is smaller than 12A for oxidation temperature below 1154°C in dry oxygen ambient. In addition, an analytic oxidation resistance time is defined and shown to be proportional to the thickness of the as-grown thermal nitride films when the diffusion length of the oxygen species is much smaller than the thickness of the asgrown silicon thermal nitride films, which is in agreement with the experimental data.
Gold has been used extensively as a contact metal formance of the devices at high temperatures are of for Schottky barrier diodes, Gunn diodes, IMPATT technological concern. diodes, and as an ohmic contact metal for GaAs power
Various physiochemical effects of heating gold thin microwave FET's and devices. The reliability and perfilms on GaAs have been reported. They include ar-
